INTRODUCTION 44
Parasites with multiple hosts commonly undergo dramatic phenotypic transformations and endure 45 major environmental shifts over the course of their life cycle [1, 2] , yet very little is known about 46 how these are orchestrated at the molecular and physiological levels, or how conserved they are 47 reaches infectivity, a phase that could be determined by sufficient glycogen reserves [10] , drastic 75 phenotypic changes occur in the fish host [11] . These changes include an activation of the 76 immune system [8] and a loss of anti-predator response [9] . Following the ingestion of infected 77 fish by an avian predator, the parasite experiences a temperature of 40°C in the bird's digestive 78 tract -compared to a maximum of 15-18°C in the ectothermic intermediate hosts -as well as 79 chemical attack by digestive enzymes. These conditions trigger the parasite's development to the 80 sexually mature adult in ca. 36 hours [12] . The adult parasite reproduces during the next 3-4 days 81 with eggs being released into the water with the avian host's faeces [13] . Adjusting to these host 82 switches and life history transitions requires many physiological changes that are expected to 83 recruit the activity of different genes at each phase. 84
85
One of the major transitions expected to affect worm physiology is the transition from somatic 86 growth to reproduction. Histological and physiological studies suggest that gametogenesis only 87 occurs when the parasite reaches the final (bird) host [10, 14] . Despite the advanced ('progenetic'; 88
[45]) development of reproductive organs in infective plerocercoids, only an elevated 89 temperature of 40°C in semi-anaerobic conditions can trigger meiosis and reproductive 90 behaviours [14, 15] . Previous work on the anaerobic activity of key enzymes involved in the 91 catabolism of carbohydrates in S. solidus also suggests that while carbohydrate breakdown is 92 very slow in pre-infective and infective plerocercoids, the rate of carbohydrate breakdown 93 increases several-fold upon maturation [16, 17] . Energetic resources used during the adult stage 94 mainly come from glycogen reserves accumulated during growth of the pre-infective 95 plerocercoid [16, 18] . Based on this knowledge, one expects that plerocercoids cultured at 40°C 96 will show an up-regulation of glycogen-related pathways. 97
98
The adult stage interacts with its environment to time these developmental steps. The anatomical 99 structure more likely to achieve this task is the tegument, a very active and complex tissue that 100 behaves like a true epidermis [19] . The adult stage of S. solidus exhibits numerous vacuolate 101 vesicles packed with electron-dense or electron-lucent content. These small structures are evenly 102 distributed in S. solidus syncytial tegument [20] . Their role could be related to both nutrition and 103 defence, as they allow rapid internalization of environmental nutrients and antigen-antibody 104 complexes [21, 22] . However, the uptake of macromolecules by adult cestodes remains an open 105 question [23] . If, however, S. solidus performs pinocytosis or endocytosis at any developmental 106 stage, specific transcripts involved in this biological activity are expected to be up-regulated at 107 these stages. The existence of membrane-bound vesicles also suggests potential 108 secretory/excretory functions that would allow the parasite to release various types of molecules 109 in its host. 110 111 Pre-infective and infective plerocercoids are discrete developmental stages distinguished by their 112 divergent growth and effects on the host immune system. Parasites grow rapidly in the first 113 weeks of the stickleback host infection but growth rates tend to slow down as the parasite 114 becomes infective to the final host [24] . Concurrently, empirical evidence shows that 115 secretory/excretory products from pre-infective versus infective plerocercoids have different 116 modulatory effects on the immune system of the fish host [25] . Small, pre-infective plerocercoids 117 down-regulate the proliferation of host monocytes, but as soon as they attain infectivity they 118 activate a strong respiratory burst activity [8] . From a transcriptional perspective, different 119 functional programs between pre-infective and infective stages that reflect these divergent 120 activities should be detectable. Distinct and specific gene expression profiles should characterize 121 each developmental stage according to the biological activities that they need to perform to 122 ultimately maximize the parasite's success in each host. 123
124

MATERIAL AND METHODS 125
Study design 126
Worm specimens used spanned three different development states and were extracted from the 127 body cavities of laboratory-raised and experimentally infected threespine sticklebacks. We 128 obtained parasite eggs through in vitro culture of mature plerocercoids [26] extracted from wild-129 caught threespine sticklebacks from Clatworthy Reservoir, England, UK. After a three week 130 incubation period in tap water, eggs were hatched in response to exposure to daylight, and 131 emergent coracidia used to infect copepods. Exposed copepods were screened after three to four 132 weeks and those harboring infective procercoids were fed to healthy lab-bred threespine 133 sticklebacks [27] . One hundred fish were exposed to infected copepods and maintained in 134 laboratory aquaria for 16 weeks under controlled temperatures, where they were fed ad libitum 135 and to excess with frozen chironomid larvae and subsequently euthanized by an overdose of 15 136
. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/072769 doi: bioRxiv preprint first posted online Aug. 31, 2016; mM Benzocaine solution. Sequential extractions of the parasites from the fish body cavity were 137 scheduled to allow the sampling of plerocercoids that were pre-infective (i.e <50 mg) or infective 138 (i.e. >50mg). We obtained three adult specimens of S. solidus through in vitro culture of infective 139 plerocercoids extracted from wild-caught sticklebacks of the same population as the experimental 140 infections [28] . Briefly, infective plerocercoids were placed individually into a dialysis 141 membrane suspended in a medium composed of 50:50 RPMI:horse serum, at a temperature, pH 142 and oxygen tension to mimic the specific conditions experienced in the bird digestive track [12] -143 for detailed protocol see [27] . Recovered adult worms had a body mass of 321-356 mg. Worms 144 were washed with ultra-pure RNase-free water, diced into small pieces of ~5 mm x 5 mm, placed 145 into RNALater (Ambion Inc., Austin, TX, USA) and kept at -80°C until later use. 146
147
RNA extraction, library preparation and sequencing 148
We used RNA samples from fourteen different worms to produce individual TruSeq Illumina 149 sequencing libraries (San Diego, CA, USA) according to the manufacturer's protocol. More 150 specifically, we produced libraries for seven pre-infective (<50mg) plerocercoids, four infective 151 plerocercoids (>50mg) and three adult (post-culture) worms [28] . cDNA libraries were then 152 sequenced on the Illumina HiSeq 2000 system at Centre de Recherche du CHU de Québec 153 (Québec, QC, Canada) with the paired-end technology (2X100 bp). In total, 75.8 Gb of raw data 154 was generated, which represents 375 million 2 x 100 bp paired-end sequences distributed across 155 the fourteen samples -deposited into the NCBI Sequence Read Archive (SRA) with accession 156 number SAMN04296611 associated with BioProject PRJNA304161 [29] . 157 158
Short-read alignment on reference transcriptome 159
Raw sequencing reads were cleaned, trimmed and aligned on the reference transcriptome, 160 allowing the estimation of transcript-specific expression levels for each individual worm [28, 30] . sequence, length and expression levels were then regrouped into clusters of unigenes by using 164 Corset v1.00 [32] . We obtained read counts for each unigene in each individual worm using the 165 mapping information contained in the SAM files [30] . We adjusted the algorithm parameters in 166
Corset so that isoforms, pseudogenes, alternative transcripts and paralogs would not be merged -167 Figure S1 ). This specific threshold allowed to filter out many low-177 coverage transcripts and potentially several false positives, without losing too much information 178 in terms of the number of differentially expressed transcripts. Normalization was performed 179 using the method of Trimmed Mean of M-values (TMM) as implemented using edgeR default 180 parameters. The voom transformation was performed on the resulting normalized read counts. 181
Raw read counts were converted into their respective CPM value and then log2-transformed. of the Jaccard index to return a cluster stability index [36] . We only considered clusters with a 198 was based on the published transcriptome of Schistocephalus solidus [28] . GO terms over-210 represented in a given module, as compared to the reference transcriptome (FDR ≤ 0.05), were 211 labelled as putative 'transition-specific' biological functions. 212
213
Ecological annotation 214
We assigned an ecological annotation to transcripts exhibiting significant abundance changes 215 between life stages or showing stage-specific expression patterns [39] . Two different types of 216 ecological annotation were added to the dataset. First, we labelled un-annotated transcripts 217 according to their significant variation in abundance across life stages. Information on GO terms 218 over-represented in the cluster in which these transcripts could be found was also added. Second, 219
we labelled transcripts showing "on-off patterns of expression" among stages and hosts as "stage-220 specific" or "host-specific". A pre-defined specificity threshold was chosen as the log 2 (CPM) 221 value representing the 5 th percentile of the distribution of the log 2 (CPM) across all transcripts. 222
We identified stage-specific transcripts based on an average log 2 (CPM) above our pre-defined 223 specificity threshold ('ON') across at least two-thirds of the worms in only one of the three life-224 stages -i.e. transcript is 'ON' in a given stage and 'OFF' in the two other stages. Similarly, we 225 considered transcripts as host-specific if they showed an average log 2 (CPM) above the same pre-226 defined specificity threshold across two-thirds of the worms in any of the two hosts. This analysis also shows the grouping of pre-infective and infective worms into two different 237 clusters on the second dimension. The distance on the first dimension between host types is at 238 least twice as large as the distance separating pre-infective and infective worms, suggesting that 239 host type is the main driving factor. This may largely be explained by physiological 240 acclimatisation of the parasite to highly divergent thermal environments offered by the two hosts, 241 or to other differences such as oxygen tension, pH or osmotic pressure [12, 40, 41] . The switch 242 between these two hosts also correlates with rapid sexual maturation, reproduction and changes 243 in energy metabolism [5] . Altogether, these factors contribute to a major reprogramming of the 244 worm transcription profile between hosts. 245 246
Biological activities focused towards reproductive functions 247
The development of the adult stage in the avian host required the parasite to shift most of its 248 biological activities from growth and immune evasion [13, 42] to reproduction and possibly 249 starvation [10, 43] . In accordance with these life-history changes, sexual maturation pathways and 250 reproductive behaviours were dominant functions in the transcriptional signature of the final 251 host-switch, as supported by GO terms significantly enriched in co-expression modules (Figure  252 2a, Table S1 ). The largest co-expression module identified in the transition from infective 253 plerocercoid to adult contains a total of 769 genes significantly over-expressed in adult worms 254 (Table S1 ). Early studies on the life cycle of S. solidus 258 suggested that once the worm reaches the final bird host, its energy is canalized into maturation 259 and reproduction, including egg-laying [5, 13] . Adult worms sampled in this study were collected 260 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/072769 doi: bioRxiv preprint first posted online Aug. 31, 2016; after five days of in vitro culture at 40°C, 3-4 days after the onset of gamete production, as 261 observed in previous studies [26, 43] . The transcriptional signature consequently confirms this at 262 the molecular level, as we have detected the induction of many genes involved in sperm motility 263 and cilium movement (Table S1) Table S1 ). Consistent with the semi-anaerobic conditions experienced by 286 adult worms, we found a significant up-regulation of the gene coding for L-lactate dehydrogenase 287 (logFC = 5.8, FDR < 0.001), the enzyme responsible for the conversion of pyruvate to lactate 288 when oxygen supplies are low [45] .
Interestingly, we found a testis-specific gene, coding for glyceraldehyde-3-phosphate 291 dehydrogenase, among the few up-regulated genes of the glycolysis pathway. The gene was 292 significantly over-expressed in adult worms, with a fold-change of 97 (logFC = 6.6) and an FDR 293 < 0.0001. A homologous gene -with the same annotation, but this time not testis-specific -is 294 conversely down-regulated in adults (logFC = -1.6, FDR = 0.0003). These results suggest that 295 late stages of adult S. solidus may still be very active in terms of sperm production, even after 296 several days in the avian host. This opposite pattern is suggestive of a differential activity in 297 terms of energy metabolism between different tissues in adults. At this late stage, the adult 298 parasite may direct all of its energetic activities towards sperm production, in order to maximize 299 rates of egg fertilization. 300
301
Potential role for endocytosis in balancing energetic reserves 302
How glucose is produced or acquired by adult S. solidus is unclear, but empirical evidence 303
suggests that this activity could be performed by molecular mechanisms such as endocytosis or 304 pinocytosis [21] . This hypothesis led to the prediction that expression of genes specific to this 305 pathway should be induced. Results from the GO enrichment analysis show a significant over-306 representation of biological processes related to endocytosis in adult worms. In total, 21 genes 307 annotated with functional terms such as clathrin coat assembly (GO:0048268), clathrin-mediated 308 endocytosis (GO:0072583), and regulation of endocytosis (GO:0006898) are co-regulated within 309 the same cluster as reproduction-specific genes (Figure 2a, cluster 4) . All 21 genes are 310 significantly over-expressed in adult worms, as compared to the previous infective stage (Table  311   S1 ). Even though we detect an over-expression of certain genes in adult worms that are involved 312 in general mechanisms of endocytosis, we cannot determine where exactly these genes are 313 expressed in the worm, since our experiment was performed on whole worms. They could be 314 over-expressed in cells from the integumentary system, but also in other organs that are not 315 involved in interaction with the external environment of the worm. 316 317
Regulation of redox pathways through novel species-specific genes 318
Adult stages of cestodes like S. solidus are exposed not only to the reactive oxygen species 319 (ROS) produced by their own metabolism, but also to the ones generated by their host [46] . 320
Considering the extensive muscular activity required during reproductive behaviours [5, 15] and 321 .
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/072769 doi: bioRxiv preprint first posted online Aug. 31, 2016; the potential internalisation of host molecules by adult worms -which could include ROS 322 produced by the host -maintenance of redox homeostasis should be a central activity performed 323 at this stage. This scenario is reflected in the smallest co-expression module characterising the 324 passage to the final host (Figure 2a, cluster 6 ), which harbours genes predominantly up-regulated 325 in adults. This module does not exhibit significant enrichment for a particular biological activity, 326 but it is nonetheless associated with oxidative stress and antioxidant metabolism, such as 327 glutathione metabolic process (GO:0006749), glutathione biosynthetic process (GO:0006750) 328 and glutathione dehydrogenase (ascorbate) activity (GO:0045174). Interestingly, of the 242 genes 329 contained in this module, 174 (72%) are turned 'ON' in adults and 'OFF' in pre-infective and 330 infective plerocercoids. All of the genes turned 'ON' in adult worms are found exclusively in this 331 cluster (Table S1 ). Furthermore, 108 (62%) of these 174 'ON' genes find no homology to any 332 known sequence database, nucleotides or amino acids, while they are among the top 333 differentiated genes in the final developmental transition (Figure 2b ). This module is thus mainly 334 composed of unknown genes that are co-expressed, with oxidative stress genes being specifically 335 up-regulated at the adult stage, while being turned off during the development phase in the fish. 
Early plerocercoids associated with growth and regulatory programs 345
Evidence from physiological and morphological studies suggests that growth and organ 346 development are the major biological programs that differentiate pre-infective from infective 347 plerocercoids [5] . In vitro experiments showed that in the first 48 hours following infection, the 348 number of proglottids -i.e. body segments -is definitive. Unlike most of the cyclophyllidean 349 tapeworms, S. solidus plerocercoids increase their bulk several hundredfold by adding layers of 350 muscle tissue rather than adding proglottids [5, 13] . This suggests that organ development and 351 tissue differentiation are switched off at this point, while muscle synthesis and growth are 352 (Table S1 ). The second co-expression module contains 322 annotated genes, of 365 which 118 (37%) exhibit significant enrichment for GO terms involved in cell cycle transitions 366 (cluster 4 in Figure 4a , Table S1 ). These genes harbour 59 (76%) of the 78 enriched GO terms in 367 the module. Among genes assigned these GO terms, those exhibiting the largest expression 368 difference between pre-infective and infective plerocercoids (i.e. logFC > 1.5, FDR < 0.001) code 369 for mRNA splicing factors, DNA polymerase and key proteins involved in the regulation of 370 mitosis (Table S1) . 371 372 Developmental trajectories involving mitotic replications, cellular growth and tissue 373 differentiation are often associated with specific regulatory processes that coordinate the timing 374 of these events [47, 48] . Our results show that a third co-expression module significantly enriched 375 in regulatory activities may perform this task. The module of 240 genes significantly up-376 regulated in pre-infective plerocercoids (Figure 4a , cluster 2) contains 144 (60%) genes annotated 377 with GO terms. Among these, 17 genes (12% of annotated genes) have enriched GO terms 378 related to regulatory processes involved in cellular functions such as apoptosis, mitosis, 379 phosphorylation and cell division (Table S1 ). The genes with the largest difference in expression 380 level are the transcription factors Sox-19b and GATA-3, with logFC values of 3.0 and 2.6 381 respectively (FDR < 0.001). Other regulatory genes include WNT4 and WNTG, with logFC 382 values of 1.7 and 1.6 respectively (FDR < 0.001). Interestingly, these 17 regulatory genes are co-383 The cluster described above is particularly interesting because of the high proportion of genes 412 coding for unknown proteins differentially regulated between pre-infective and infective 413 plerocercoids. One of the key features of this module is that GO annotations could be assigned to 414 (Table S1 ). An interesting candidate emerges as one of the top differentiated genes in 441 several cestodes [53] . Our results show a systematic up-regulation of serotonin receptors, 446 adenylate cyclase and sodium-dependent serotonin transporters (SC6A4) specifically in infective 447
worms when compared to pre-infective and adult worms ( Figure 5 ). Functional studies showed 448 that the signalling cascade of serotonin stimulates muscle contraction and glycogen breakdown in 449
Fasciota hepatica and Schistosoma mansoni [53] . The ultimate downstream effect of serotonin 450 signalling would be a cellular response to catabolize glycogen, the main source of energy in 451 cestodes, and more specifically in S. solidus. In S. mansoni, it has been suggested that the main 452 source of 5-HT is the host, even though some of the enzymes involved in the process and 453 recycling of 5-HT have been detected in this species [53] . This is also the case with our dataset, 454 in which we find at least one enzyme that is capable of breaking down one of the metabolites 455 
